INTRODUCTION
============

Dry eye is characterized by abnormal changes involving the quality or quantity of tears, and the integrity of ocular surface cells [@B001], [@B002]. These changes lead to desiccation of the ocular surface, and can also cause ocular injury [@B003]. Tear dynamics are maintained by various factors such as blink frequency, tear production, and evaporation from the ocular surface. The typical clinical manifestations of dry eye include various such symptoms as ocular irritation, blurred vision, infection and ulceration. Many people are affected by dry eye diseases in the USA [@B004]. Several studies have demonstrated that dry eye diseases are induced by various factors including aging, hormonal changes, environmental factors, and inflammation [@B005]-[@B009]. In the past few decades, various models have been developed to induce abnormal changes in dry eye experimental animals. However, most models are known to have disadvantages such as difficulty excluding the complex influence of surgical insults or the adverse effects of pharmacologic agents. Thus, studies have suggested that ideal dry eye models should use minimally invasive procedures on the ocular surface [@B010]-[@B012]. The ocular surface is constantly exposed to air and low humidity, which cause dry eye damage by evaporation of the tear fluid [@B013]. Several studies have shown that dry eye models using low humidity, which appear to reflect clinical conditions in patients with dry eye disorders, are also an effective approach to testing the possible treatments of dry eye disorders [@B001]-[@B003].

The immunophilin family of proteins, FK506 binding proteins (FK506BPs), is known to play an important role in the regulation of a variety of biological processes such as DNA damage response. Recent studies have indicated that FK506BPs to be emerging as a new protein for the therapeutic treatment of tumors [@B014], [@B015]. FK506 binding protein 12 (FK506BP) is a smaller member, and contains a peptidyl prolyl *cis*/*trans* isomerase (PPIase) domain. FK506BP strongly interacts with immunosuppressive drugs such as FK506 and rapamycin [@B016], [@B017]. We previously demonstrated that transduced PEP-1-FK506BP inhibits inflammatory response in both Raw 264.7 cells and in an animal model. Further, topical application of PEP-1-FK506BP markedly inhibited cytokine/chemokine expression levels in an atopic dermatitis animal model, thereby demonstrating improvement of atopic dermatitis [@B018], [@B019]. Recently, we demonstrated that transduction of PEP-1-FK506BP into human corneal epithelial (HCE-2) cells and mice corneal tissue significantly improved Botulinum toxin A-induced dry eye diseases [@B020].

Protein transduction domains (PTDs) facilitate the delivery of proteins into cells and tissues, including the brain [@B021]. Research has demonstrated the potential of PTD fusion proteins as a powerful tool in the therapeutic application of proteins to treat a variety of diseases [@B022]-[@B033].

The purpose of this study was to determine whether topically applied PEP-1-FK506BP could ameliorate the symptoms of dry eye in a low humidity air flow induced dry eye model. We demonstrated herein that PEP-1-FK506BP markedly inhibited dry eye disease. In the dry eye disease model, PEP-1-FK506BP also protected against the expression of caspase-3 and cleaved poly (ADP-ribose) polymerase (PARP) in the corneal epithelium. Therefore, we suggest the topical application of PEP-1-FK506BP as a potential therapeutic agent for dry eye diseases.

RESUTLS AND DICSUSSION
======================

Effect of PEP-1-FK506BP on tear volume
--------------------------------------

In this study, a low humidity air flow induced rat dry eye model was used, which was developed to test the effects of potential therapeutic drugs for the treatment of damage to the ocular surface induced by environmental factors such as temperature, humidity, and air flow [@B002], [@B013]. Several studies have demonstrated many people to suffer from the symptoms of dry eye induced by such environmental factors [@B034], [@B035].

The Schirmer test using phenol red thread is regarded as a routine method to assess tear volume. Under dry eye conditions, tear volumes are markedly decreased [@B011], [@B036]. To assess the effect of PEP-1-FK506BP on tear volume in dry eye rats, PEP-1-FK506BP and hyaluronate were applied 6 times at 1 hr-intervals, starting from 30 min before exposure to dry air flow. The tear volumes were measured before and after dry air exposure. As shown in [Fig. 1](#F001){ref-type="fig"}A, tear volumes were increased after dry air exposure in the normal control rats. However, in the dry eye rat group, significantly decrease of the tear volumes were observed after exposure to dry air. In contrast, the group treated with PEP-1-FK506BP showed a marked increase in tear volume compared with the dry eye rat group. Further, the PEP-1-FK506BP-treated group also demonstrated a greater increase in tear volume compared with the hyaluronate-treated group, used as a negative control. These results indicated that the decrease in tear volumes was significantly ameliorated by treatment with PEP-1-FK506BP in dry eye conditions.

![Effects of PEP-1-FK506BP on tear volume and corneal damage. Tear volume (A) and fluorescein intensity (B) measured in rat eye after exposure to dry air flow with or without application of PEP-1-FK506BP. The decrease in tear volume and increase in fluorescein intensity was significantly ameliorated in the PEP-1-FK506BP-treated group compared with the dry eye induced (DE) group. ^\#\#^P ＜ 0.01 compared with the control group. \*\*P ＜ 0.01 compared with the DE group. Lanes are as follows: lane 1, before dry air exposure; lane 2, after dry air exposure.](BMB-48-153-g001){#F001}

Corneal fluorescein staining
----------------------------

Corneal damage in animals is known to cause a marked increase in fluorescein staining [@B003]. The fluorescent dye test is one of the most prevalent methods used in preclinical animal tests. Increase of the remnant dye in the eyeball indicates an increase of corneal permeability and damage [@B001], [@B037], [@B038]. Therefore, the protective effect of PEP-1-FK506BP on dry eye injury was examined with corneal fluorescein staining. As shown in [Fig. 1](#F001){ref-type="fig"}B, dry eye rats showed significantly increased corneal fluorescein staining compared with normal control rats, while the PEP-1-FK506BP-treated group showed significantly reduced staining compared with dry eye groups, similar to those treated with hyaluronate. These results indicate that PEP-1-FK506BP has potential as a therapeutic agent against dry eye disease.

Effect of PEP-1-FK506BP on corneal and conjunctival epithelium injury
---------------------------------------------------------------------

Corneal and conjunctiva epithelial damage characterized by desquamation of the surface epithelial lining is a common histopathological feature of dry eyes [@B039], [@B040]. Herein, the histopathology changes to the cornea and conjunctiva of the rats was examined. As shown in [Figs. 2](#F002){ref-type="fig"}A and [3](#F003){ref-type="fig"}A, the damaged corneal epithelial regions of were markedly increased in the dry eye group. However, the group treated with PEP-1-FK506BP demonstrated significant decrease in the damage to the corneal epithelial regions. In addition, the PEP-1-FK506BP-treated group showed significant increase in the total thicknesses of the cornea, corneal epithelia and stroma compared with the dry eye group.

![Histological analysis of the corneal epithelia (A), bulbar conjunctiva epithelia (B), and palpebral conjunctiva epithelia (C). Normal control group (a), dry eye induced (DE) group (b), DE + hyaluronate group (c), and DE + PEP-1-FK506BP group (d). Arrows indicate the thickness of the total cornea (ThT), epithelium (ThE), and stroma (ThS). \*P ＜ 0.05 and \*\*P ＜ 0.01 compared with the DE group. Scale bar = 80 μm.](BMB-48-153-g002){#F002}

![Histomorphological analysis of the corneal epithelia (A) and bulbar/palpebral conjunctiva epithelia (B). \*P ＜ 0.05 and \*\*P ＜ 0.01 compared with the DE group.](BMB-48-153-g003){#F003}

Examination of the bulbar conjunctiva epithelia revealed the dry eye rats to have a significant decrease in conjunctiva epithelial thickness, as well as a decreased number and percentage of mucous-producing cells, with a marked increase in the regions with epithelial damage. The group treated with PEP-1-FK506BP showed significantly increased thickness of the conjunctiva compared with the dry eye rats ([Figs. 2](#F002){ref-type="fig"}B and [3](#F003){ref-type="fig"}B). The palpebral conjunctiva epithelia revealed similar patterns to the bulbar conjunctiva epithelia ([Figs. 2](#F002){ref-type="fig"}C and [3](#F003){ref-type="fig"}B). These results indicated that PEP-1-FK506BP markedly inhibited histopathological changes resulting from dry eye conditions, and showed similar or more favorable inhibitory effects on the histopathological changes to the cornea and conjunctiva induced by dry eye than did hyaluronate.

Recently, several studies have demonstrated that trehalose could improve the appearance of ocular surface epithelial diseases via desiccation through suppression of apoptosis. Other studies have also shown that the levels of apoptosis in mice of the dry eye model were significantly higher than in control mice. As the exact mechanisms are not yet known, these studies suggested that further research is needed to understand the exact mechanism for dry eye diseases, which may provide new therapies for their treatment [@B002], [@B003].

Herein, we investigated the effect of PEP-1-FK506BP on caspase-3 and PARP expression levels in the dry eye rat model using immunohistochemistry. As shown in [Fig. 4](#F004){ref-type="fig"}, the dry eye rats showed a marked increase in the amount of caspase-3 and PARP immunoreactive regions in the corneal epithelia compared with the normal control group. However, the group treated with PEP-1-FK506BP showed a significant decrease in the amount of caspase-3 and PARP immunoreactive regions in the corneal epithelia. Furthermore, the protective effects of PEP-1-FK506BP were greater than those found after treatment with hyaluronate. These results indicate that PEP-1-FK506BP has an anti-apoptotic effect on the cornea epithelium, and may be a good potential therapeutic agent against dry eye diseases.

![Anti-apoptotic effects of PEP-1-FK506BP in the corneal epithelium. The expression levels of caspase-3 and PARP were significantly increased in the corneal epithelium of dry eye rats. Normal control group (A), dry eye induced (DE) group (B), DE + hyaluronate group (C), and DE + PEP-1-FK506BP group (D). \*\*P ＜ 0.01 compared with the DE group. Scale bar = 80 μm.](BMB-48-153-g004){#F004}

Kubo *et al*. (2008) demonstrated that TAT-peroxiredoxin 6 recombinant protein efficiently protects eye lens epithelial cells and opacity, suggesting that this recombinant protein may provide an effective approach to delay cataracts [@B022]. In addition, Liu *et al*. (2014) showed that Tat-heat shock protein 27 (HSP27) transduced into human lens epithelial cells protected against UV-induced apoptosis. These authors suggested that protein therapy via protein transduction may be a useful tool to address a variety of eye diseases [@B029].

In summary, we demonstrated that topical application of PEP-1-FK506BP markedly inhibited damage caused by dry eye in a low humidity air flow induced dry eye rat model. Therefore, we suggest that PEP-1-FK506BP may be a potential therapeutic agent, and can be developed in the form of new ophthalmic drops for the treatment of dry eye diseases.

MATERIALS AND METHODS
=====================

Purification and preparation of PEP-1-FK506BP proteins
------------------------------------------------------

The cell-permeable PEP-1-FK506BP protein was prepared as previously described [@B018]-[@B020]. A Bradford assay was used to estimate the protein concentration [@B041]. PEP-1-FK506BP was dissolved in phosphate buffered saline (PBS) before being applied topically to the animals' eyes (0.01 mg/kg of protein in 5 μl). Hyaluronate (5 μl; Samil Pharm, Co., Korea) was used as a reference.

Experimental animals
--------------------

Male Sprague-Dawley (SD) rats (6-week-old, 180-200 g) were used after an acclimatization period of 8 days. The animals were housed at 23℃ and a relative humidity of 45%. They were exposed to a 12 h light-dark cycle and had free access to food and water. All experimental procedures involving animals and their care conformed to the Guide for the Care and Use of Laboratory Animals of the National Veterinary Research and Quarantine Service of Korea, and were approved by the Hallym Medical Center Institutional Animal Care and Use Committee.

Low humidity air flow induced dry eye model
-------------------------------------------

The rats were divided into four groups (each n = 8). Group 1 was used as a control, with saline (5 μl) dropped into the eyes of normal rats. In Group 2, saline (5 μl) was dropped into the eyes of dry eye induced rats. In Group 3, 0.1% sodium hyaluronate was dropped into the eyes of dry eye induced rats as a reference. In Group 4, PEP-1-FK506BP (0.01 mg/kg of protein in 5 μl) was dropped into the eyes of dry eye induced rats.

The central region of the corneal epithelium (0.4 mm^2^) was scraped mechanically with an ophthalmic surgical blade under anesthesia of 25 mg/kg intraperitomeal injection of Zoletile mixture (Zoletile 50; Virbac Lab, France). The rats were then placed in a desiccation room (temperature, 28℃ and humidity, 25-30%) with a constant air flow (2.4 m/sec) for 5 h. PEP-1-FK506BP and hyaluronate were applied to the appropriate groups 6 times at 1 hr-intervals, initiated 30 min before exposure to the dry air flow.

Schirmer test
-------------

A Schirmer test was performed to measure tear fluid secretion. A Schirmer tear test strip (1 × 15 mm; cobalt chloride paper, Toyo Roshi Kaisha, Japan) was placed on the temporal side of the lower eyelid margin for 1 min after scraping of the corneal epithelium, before initiation of exposure to the dry eye inducing conditions and at the end of the 5 h of exposure. The length of the moistened area from the edge was measured to an accuracy of 0.5 mm using an electronic digital caliper (Mytutoyo, Japan) [@B001], [@B036].

Fluorescein staining
--------------------

The damaged areas were photographed after the 5 h of exposure to dry eye inducing conditions by applying a 1% fluorescein solution (Sigma-Aldrich, St. Louis, MO, USA). Fluorescein solutions were topically applied to the eye spaces, and then the eyelids were taped closed. 1 h after application of the fluorescein solution, the remaining solution was removed and the eyeballs were extracted and photographed under a blue light tungsten lamp. The stained area was digitized with an optical scanner and quantified using image-analysis software (Image J, NIH, USA) [@B001], [@B037], [@B038].

Histological analysis
---------------------

The rats were euthanized with an overdose of Zoletile, and the eyeballs and bulbar conjunctivas were removed and fixed in Davidson's solution (37.5% ethanol, 12.5% acetic acid, and 25% formaldehyde). The palpebral conjunctivas were also separated and fixed in 10% neutral buffered formalin. The eye and palpebral specimens were embedded in paraffin, crosssectioned, and stained with hematoxylin and eosin for observation of the cornea, and with periodic acid Schiff (PAS) for mucous producing goblet cells in both conjunctivas [@B039], [@B040]. The morphology of the corneal, bulbar, and palpebral conjunctiva and goblet cells were measured using a digital image analyzer (DMI-300, DMI, Korea).

Changes of immunoreactivity to caspase-3 and PARP on the cornea and conjunctive were observed by immunohistochemistrical methods using purified primary antibodies (Cell Signaling Technology Inc, MA, USA) with an avidin-biotin-peroxidase (ABC) and peroxidase substrate kit (Vector Labs, Burlingame, CA, USA) [@B042], [@B043].

Statistical analysis
--------------------

All statistical analysis was carried out in SPSS (6.1.3; USA). Data were analyzed by one way ANOVA, followed by the least-significant differences multi comparison test. Further, statistical differences between experimental groups were analyzed by the Kruskal-Wallis H and Mann-Whitney U test. P values of ＜ 0.05 were considered statistically significant.
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